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Unit 6

Worked Example 1 – Industrial Pumping Systems
Significance of Pumping Systems and Design 
Motors use 60 percent of the world’s electricity. Of this percentage, 20 percent is used for pumping.
 Industrial pumping systems account for nearly 20 percent of the world’s industrial electrical energy demand; this is no surprise, as most systems are running in continuous operations for 18 hours per day or more. 
With such a large amount of energy devoted to moving liquid from one place to another (a lot of which is used to fight pipe friction and in many cases unnecessary changes in height and direction), improving the efficiency of industrial pumping systems can make major strides in the reduction of industrial energy consumption and hence greenhouse emissions. The benefits of improved pumping efficiency include reduced reliance on both the electricity grid and renewable energy supplies, and improved operational reliability. Furthermore, saving a single unit of pumping energy can actually save more than ten times that energy in fuel. Due to the inefficiencies of a mostly centralised electricity transmission system, 100 units of fuel input at the power station are required to achieve 9.5 units of energy output at the pumping system.
  But the reverse is also true: saving 9.5 units of energy output at the pump could save 100 units of energy at the power station.

Generally, smaller pumping systems tend to be more inefficient than large pumping systems. Small pumping systems typically make up only a small fraction of the total cost of an industrial operation and thus receive relatively little design attention. However, the significance of small pumping systems cannot be overlooked. There are many more small- and medium-sized enterprises than there are large enterprises. Thus it is likely that there are a lot more small pumping systems than large pumping systems, especially since small enterprises almost exclusively use small pumping systems and large enterprises use both small and large pumping systems. Large pumping systems, in the order of kilowatts and megawatts that are poorly designed and managed, can attract very high and unnecessary costs. Consequently, large pumping system design is typically quite disciplined, with more attention paid to factors such as minimum velocities, thermal expansion, pipe work and maintenance. Still, there are very few pumping systems that wouldn’t benefit from Whole System Design.
Worked example overview

The following worked example provides a worked mathematical example similar to a well known Whole System Design case study, ‘Pipes and Pumps’, which is briefly described in the below extract from Natural Capitalism:

In 1997, leading American carpet maker, Interface Inc, was building a factory in Shanghai. One of its industrial processes required fourteen pumps. In optimizing the design, the top Western specialist firm sized those pumps to total ninety-five horsepower. But a fresh look by Interface/Holland's engineer Jan Schilham, applying methods learned from Singaporean efficiency expert Eng Lock Lee, cut the design's pumping power to only seven horsepower - a 92 percent or twelve-fold energy saving - while reducing its capital cost and improving its performance in every respect. 

The new specifications required two changes in design. First, Schilham chose to deploy big pipes and small pumps instead of the original design's small pipes and big pumps. Friction falls as nearly the fifth power of pipe diameter, so making the pipes 50 percent fatter reduces their friction by 86 percent. The system then needs less pumping energy - and smaller pumps and motors to push against the friction. If the solution is this easy, why weren't the pipes originally specified to be big enough? Because of a small but important blind spot: traditional optimization compares the cost of the fatter pipe with only the value of the saved pumping energy. This comparison ignores the size, and hence the capital cost, of the equipment - pump, motor, motor-drive circuits, and electrical supply components - needed to combat the pipe friction. Schilham found he needn't calculate how quickly the savings could repay the extra up-front cost of the fatter pipe, because capital cost would fall more for the pumping and drive equipment than it would rise for the pipe, making the efficient system as a whole cheaper to construct. 

Second, Schilham laid out the pipes first and then installed the equipment, in reverse to how pumping systems are conventionally installed. Normally, equipment is put in some convenient and arbitrary spot, and the pipe fitter is then instructed to connect point A to point B. The pipe often has to go through all sorts of twists and turns to hook up equipment that's too far apart, turned the wrong way, mounted at the wrong height, and separated by other devices installed in between. The extra bends and the extra length make friction in the system about three- to sixfold higher than it should be. The pipe fitters don't mind the extra work: They're paid by the hour, they mark up the pipe and fittings, and they won't have to pay the pumps' capital or operating costs. 

By laying out the pipes before placing the equipment that the pipes connect, Schilham was able to make the pipes short and straight rather than long and crooked. That enabled him to exploit their lower friction by making the pumps, motors, inverters, and electricals even smaller and cheaper. 

The fatter pipes and cleaner layout yielded not only 92 percent lower pumping energy at a lower total capital cost but also simpler and faster construction, less use of floor space, more reliable operation, easier maintenance, and better performance. As an added bonus, easier thermal insulation of the straighter pipes saved an additional 70 kilowatts of heat loss, enough to avoid burning about a pound of coal every two minutes, with a three-month payback. 

Schilham marveled at how he and his colleagues could have over looked such simple opportunities for decades. His redesign required, as inventor Edwin Land used to say, ‘not so much having a new idea as stopping having an old idea.’ The old idea was to ‘optimize’ only part of the system - the pipes - against only one parameter - pumping energy. Schilham, in contrast, optimized the whole system for multiple benefits—pumping energy expended plus capital cost saved. (He didn't bother to value explicitly the indirect benefits mentioned, but he could have.)

Figure 6.1 shows the setting for the worked example, a typical production plant scenario where a pumping system would be used. In Figure 6.1, a known fluid at temperature T must be moved from point 1 in reservoir A to point 2 at the tap with a target exit volumetric flow rate of Q. Between the reservoir and tap is a window (fixed into the wall) and a machine press (moveable).
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Figure 6.1.  A typical production plant scenario
Source: adapted from Munson, B.R., Young, D.F. and Okiishi, T.H. (1998)
 pp. 512, 522
Recall the 10 Elements of applying a Whole System Design approach discussed in Unit 4 and Unit 5:

1. Ask the right questions

2. Benchmark against the optimal system

3. Design and optimise the whole system

4. Account for all measurable impacts

5. Design and optimise subsystems in the right sequence

6. Design and optimise subsystems to achieve compounding resource savings
7. Review the system for potential improvements

8. Model the system

9. Track technology innovation

10. Design to create future options 

The following worked example will demonstrate how the Elements can be applied to pumping systems using two contrasting examples: a conventional pumping system versus a Whole System Designed pumping system. The application of an Element will be indicated with a blue box. 
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General Solution
Note: Appendix 6A contains equations, figures and tables that are applied to the General, Conventional and Whole System Design solutions in the following sections. These equations, figures and tables can also be applied to similar pipe and pump systems.
The calculations in this Unit use several variables, as defined in Table 6.1.
Table 6.1: Symbol Nomenclature

	Symbol
	Description
	Unit
	Symbol
	Description
	Unit

	p
	Pressure
	Pa
	L
	Pipe length
	m

	ρ
	Density
	kg/m3
	D
	Pipe diameter
	m

	g
	Acceleration due to gravity
	9.81 m/s2
	Re
	Reynolds number
	

	α
	Kinetic energy coefficient
	
	μ
	Dynamic viscosity
	Ns/m2

	V
	Average velocity
	m/s
	ε
	Equivalent roughness
	mm

	z
	Height
	m
	KL
	Loss coefficient
	

	h
	Head loss
	m
	A
	Pipe cross sectional area
	m2

	f
	Friction factor
	
	P
	Power
	W


Figure 6.2 shows a typical single pump, single pipe solution, which includes the following features:

· The system accommodates the pre-existing floor plan (window) and equipment (machine press) in the plant.
· Reservoir A exit is very well rounded.
· The diameter of every pipe is D.
· A globe valve, which acts as an emergency cut off and stops the flow for maintenance purposes, is fully open during operation.
· The existing tap is replaced by a tap with an exit diameter of D.
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Figure 6.2. A typical single pump, single pipe solution
Source: adapted from Munson, B.R., Young, D.F. and Okiishi, T.H. (1998), pp512, 522, 800

The energy balance between point 1 and point 2 in the system is given by Bernoulli’s Equation (see Appendix 6A):

p1/ρg + α1V12/2g + z1 + Σ Pi/ρgAiVi
= p2/ρg + α2V22/2g + z2 + Σ fi (Li/Di)(Vi2/2g) + Σ KLiVi2/2g

Some simplifications and substitutions can be made based on the configuration of the system:

· p1 = p2 = 0 (atmospheric pressure)

· V1 = 0

· z1 = 0

· Since reservoir A exit is very well rounded, assume the corresponding component loss is negligible

· Since the diameter of every pipe is D (constant):

· The cross sectional area of every pipe is A.
· The average velocity of the fluid in the downstream of the pump is constant and equal to V2.
· The pipes are considered to be a single pipe of length L. 

· Assume the pipe is completely full of water since there is no downward flow.

· Assume that pipes are available in the lengths indicated in Figure 6.2.
· Assume that head losses through pump connectors, tap connectors and reservoir A exit are negligible.
Thus, the energy balance reduces to:

P/ρgAV2 = α2V22/2g + z2 + f (L/D)(V22/2g) + V22/2g (Σ KLi)

The design variables to be determined are:

· Pump power, P

· Pipe diameter, D

The known variables are:

· ρ given in Table 6A.3 (Appendix 6A)
· z2 from system plan

· L from system plan

· KLi given in Figure 6A.4, Figure 6A.6, Table 6A.2 (see Appendix 6A)
V2 can be eliminated from the energy balance equation by substituting for functions of Q and D using (Appendix 6A):

V2 = Q/A

and

A = ∏D2/4

Substituting and making pump power, P, the subject of the equation gives:

P = (8ρQ3/∏2D4) [α2 + f (L/D) + Σ KLi] + ρgQz2
The friction factor, f, is dependent on the Reynolds number, Re, (Appendix 6A):

Re = ρV2D/μ

Substituting for V2 gives:

Re = 4ρQ/∏Dμ

Where μ is given in Table 6A.3 (Appendix 6A). For a turbulent flow (Re > 4000) the equivalent roughness of the interior of the pipe, ε, is required to determine f. The equivalent roughness is given in Table 6A.1 (Appendix 6A).

We now have the relationship between pump power, P, and pipe diameter, D, in terms of known variables for the system in Figure 6.2.

Conventional Design solution
Select suitable pipes and pumps for the system

· For water at 20ºC Table 6A.3 (Appendix 6A) gives:

· ρ = 998.2 kg/m3
· μ = 1.002 x 10-3 Ns/m2
Calculating Reynolds number:

Re = 4(998.2 kg/m3)(0.001 m3/s)/∏D(1.002 x 10-3 Ns/m2)

Re = 1268/D

The flow is turbulent (Re > 4000) for D < 0.317 m. A pipe of diameter D = 0.317m is much larger than what would even be suitable for the system
 in Figure 6.2, thus it is safe to assume that the flow is turbulent. Since turbulent velocity profiles are nearly uniform across the pipes, we assume α1 = α2 = 1.

For 90º threaded elbows Table 6A.2 (Appendix 6A) gives:

· KL4 = KL5 = KL6 = KL7 = 1.5

For a fully open globe valve Table 6A.2 (Appendix 6A) gives:

· KLV = 10

For the tap:

· KLT = 2

The energy balance equation becomes:

P = [8(998.2 kg/m3)(0.001 m3/s)3/∏2D4] [1 + f (30/D) + (1.5x4 + 10 + 2)]

+ (998.2 kg/m3)(9.81 m/s2)(0.001 m3/s)(10 m)



P = (8.0911 x 10-7/D4)[f (30/D) + 19] + 97.923

Suppose drawn copper tubing of diameter D = 0.015m was selected for the pipes. Substituting into the Reynolds number equation gives:

Re = 1268.411/(0.015 m) = 84561

· For drawn tubing Table 6A.1 (Appendix 6A) gives:

· ε = 0.0015 mm
Thus:


ε/D = 0.0015/15 = 0.0001

Using the Moody chart, Figure 6A.1, Re = 84561 and ε/D = 0.0001 give:

· f = 0.0195

Substituting D = 0.015 m and f = 0.0195 into the equation for pump power gives:


That is, for the system in Figure 6.2, if drawn copper tubing of diameter D = 0.015 m is used for the pipes, then a pump of power P = 1025 W is required to generate an exit volumetric flow rate of Q = 0.001 m3/s.
From ‘Water pumps pricelist’ (Appendix 6B) we can select pump model:
Waterco Hydrostorm Plus 150
 at P = 1119 W (1.5 hp)
From ‘Hard drawn copper tube (6M length)’ in ‘Kirby copper pricelist’ (Appendix 6C) we can select pipe:

T24937 at D = 15 mm (5/8 in)

Calculate the cost of the system

For copper pipe T24937 ‘Hard drawn copper tube (6M length)’ in ‘Kirby copper pricelist’ (Appendix 6C) gives a cost of $57.12 per 6m. Therefore the cost of 30m of copper pipe is:

Pipe cost = ($57.12 per 6m)(30 m)/6 = $285.60

For standard radius 90º elbows of 15mm (5/8 in) diameter J00231 ‘Copper fittings’ in the ‘Kirby copper pricelist’ (Appendix 6C) gives a cost of $2.34 each. Therefore the total cost of the elbows is:


Elbow cost = ($2.34)(4) = $9.36

For a globe valve of diameter 15mm (5/8 in), interpolating a ‘Components pricelist’ (Appendix 6D) gives:


Estimated globe valve cost = $13 (US$10)

For a tap of exit diameter 0.015 m ‘Components pricelist’ (Appendix 6D) gives:


Tap cost = $6.70

Installation costs for 8hrs at $65/hr gives:


Installation costs = ($65/hr)(8 hrs) = $520

For the Waterco Hydrostorm Plus 150 ‘Water pumps pricelist’ (Appendix B) gives:


Pump cost = $616
Thus, the total capital cost of the system is:

                      
Capital cost = $285.60 + $9.36 + $13 + $6.70 + $520 + $546




           = $1451
To calculate running costs for the selected electrically powered pump, the following values are used:

· pump efficiency for an electrical pump: 47%
 

· cost of electricity: $0.1/kWh (2006 price for large energy users)

For the Waterco Hydrostorm Plus 150 pump running at output power P = 1025 W, the monthly pump running costs for 12 hrs/day, 26 day/mth are:

Running cost = ($0.1/kWh)(1.025 kW)(12 hrs/day)(26 day/mth)/(0.47)

          = $68/mth

Whole System Design Solution
Is the conventional solution optimal for the whole system? What are the factors of the whole system that need to be considered? The conventional design solution was suboptimal for two reasons:

1. The pipe configuration introduced head losses that could be avoided, and
2. The selection procedure for pipe diameter, D, and pump power, P, did not address the whole system.
Redesign the pipes and pump system with less head loss

Items to consider:

· From Bernoulli’s equation, 
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· Can the system be designed with less bends?

· Can the system be designed with more-shallow bends?

· Is it worthwhile moving the plant equipment (machine press)?

· Is an alternative pipe material more suitable?

· Is there a more suitable valve?  Do we even need a valve?
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Figure 6.3.  An alternative, Whole System Design configuration, which accommodates for the window and the machine press shown in Figure 6.1
Source: adapted from Munson, B.R., Young, D.F. and Okiishi, T.H. (1998), pp512, 522, 800

Select suitable pipes and pumps for the system

Since the conditions at point 1 and point 2 in Figure 6.3 are the same as in Figure 6.2, and a single pump and single pipe are used, the energy balance equation for the general solution is applicable:

P = (8ρQ3/∏2D4) [α2 + f (L/D) + Σ KLi] + ρgQz2

For 45º threaded elbows Table 6A.2 (Appendix 6A) gives:

· KL4 = KL5 = 0.4

For a fully open gate valve Table 6A.2 (Appendix 6A) gives:

· KLV = 0.15

For the tap:

· KLT = 2

The energy balance equation becomes:


P = [8(998.2 kg/m3)(0.001 m3/s)3/∏2D4] [1 + f (24/D) + (0.4x2 + 0.15 + 2)]

  + (998.2 kg/m3)(9.81 m/s2)(0.001 m3/s)(10 m)


P = (8.0911 x 10-7/D4)[f (24/D) + 3.95] + 97.923

Suppose, instead, a drawn copper pipe of diameter D = 0.03m (double the diameter in the conventional solution) was selected.  Substituting into the Reynolds number equation gives:


Re = 1268.411/(0.03 m) = 42280

· For drawn tubing
 Table 6A.1 (Appendix 6A) gives:

· ε = 0.0015 mm
Thus:


     ε/D = 0.0015/30 = 0.00005

Using the Moody chart, Figure 6A.1, Re = 42280 and ε/D = 0.00005 give:

· f = 0.0215
Substituting D = 0.03 m and f = 0.0215 into the equation for pump power gives:

That is, for the system in Figure 6.3, if drawn copper tubing of diameter D = 0.03 m is used for the pipes, then a pump of power P = 119 W is required to generate an exit volumetric flow rate of Q = 0.001 m3/s.
From ‘Water pumps pricelist’ we can select pump model:
Monarch ESPA Whisper 500
 at P = 370 W (0.5 hp)
From ‘Hard drawn copper tube (6M length)’ in ‘Kirby copper pricelist’ we can select pipe:

T22039 at D = 31.75 mm (1¼ in)
Is this the optimal solution for the whole system?

Consider the effect of other pipe diameters and pump powers

Other combinations of pipe diameter and pump power
 that suit the system can be selected in a similar way, as in Table 6.2:

Table 6.2: Pump power calculated for a spectrum of pipe diameters
	D (m)
	Re
	ε/D
	F
	P (W)

	0.015
	84561
	0.0001
	0.0195
	660

	0.02
	63421
	0.000075
	0.0205
	242

	0.025
	50736
	0.00006
	0.0210
	148

	0.03
	42280
	0.00005
	0.0215
	119

	0.04
	31710
	0.0000375
	0.0230
	104


Calculate the cost of the system

The capital and running costs for each pipe and pump combination are shown in Table 6.3. The costs are calculated in a similar way as for the conventional solution. The efficiency of the Monarch ESPA Whisper 1000 is approximated at 42%
 and the efficiency of the Monarch ESPA Whisper 500 is approximated at 40%.
 The life cycle economic cost of each solution is estimated as the net present value (NPV) calculated over a life of 50 years and at a discount rate of 6%.
Table 6.3: Summary of system costs for a range of pump types and pipe diameter
	D (m)
	Pipes and components cost
	P (W)
	Pump selected
	Pump cost
	Total capital cost
	Running cost
	Life cycle cost

(-NPV
)

	0.015
	$602
	660
	Monarch ESPA Whisper 1000
	$357
	$959
	$49/mth
	$10,821

	0.02
	$745
	242
	Monarch ESPA Whisper 500
	$331
	$1076
	$19/mth
	$4,873

	0.025
	$827
	148
	Monarch ESPA Whisper 500
	$331
	$1158
	$12/mth
	$3,480

	0.03
	$914
	119
	Monarch ESPA Whisper 500
	$331
	$1245
	$9/mth
	$3,112

	0.04
	$1126
	104
	Monarch ESPA Whisper 500
	$331
	$1457
	$8/mth
	$3,089


Table 6.3 shows that the solution with D = 0.015m has the lowest capital cost by a relatively small margin, but the highest life cycle cost by a factor of 2-3. Given the estimation errors in our calculations, the life cycle cost for the solution with D = 0.03 m is about the same as that for a system with D = 0.04 m.  However, the capital cost is about $200 less and would therefore incur smaller economic stress up front.
 Hence, for the optimal pipe and pump combination for the system in Figure 6.3 we can select:

ESPA Whisper 500 pump at P = 370 W (0.5 hp)
T22039 hard drawn copper pipe at D = 31.75 mm (1¼ in)
Summary: Performance Comparisons
A side-by-side comparison of the conventional design solution system and the Whole System Design (WSD) solution in Table 6.4 highlights the substantially different results that each approach achieves: 

Table 6.4: Comparing the costs of the two solutions
	Solution
	D (m)
	Pipes and components cost
	P (W)
	Pump cost
	Total capital cost
	Running cost
	Life cycle cost (-NPV)

	Conventional
	0.015
	$835
	1025
	$616
	$1451
	$61/mth
	$15,129

	WSD
	0.03
	$914
	119
	$331
	$1245
	$9/mth
	$3,112


The life cycle cost of the Whole System Design solution is about five-fold smaller than for the conventional solution. Since the capital costs of both solutions are similar, it is obvious that the cost savings for the Whole System Design solution arises from the lower required pumping power and hence running cost. This example demonstrates the dominance of running costs over capital costs – a relationship that is common for many resource consuming systems. The power reduction was made possible by the inclusion of two additional steps in the design and selection process:

1. Step 1: Redesign the pipes and pump system with less head loss, and
2. Step 2: Consider the effect of other pipe diameters and pump powers.
Step 1 optimised the system configuration and yielded system wide improvement, regardless of the pipe diameter selected. Even with the same pipe diameter as the conventional solution (D = 0.015 m), the Whole System Design solution has a 28% lower pipes and components cost; requires 36% less power; has a 34% lower capital cost; and comes in about 28% cheaper over its life, as shown in Figure 6.4. 
Step 2 optimised the pipe diameter and pump selection process. Notably, the larger diameter pipes reduced the total required pumping power of the system. The second step resulted in a further 82% reduction in power and 71% reduction in life cycle cost, as shown in Figure 6.4.  

In total, the Whole System Design solution uses 88% less power; costs 79% less over its life; and is cheaper to purchase and install than the conventional solution.
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(b) Capital cost and breakdown
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(c) Pumping power

Figure 6.4. Comparing the effects of Step 1 and Step 2
Source: The Natural Edge Project (2008)
Multiple benefits
A number of other benefits arise from designing the pumping system such that it is ‘short, fat, and straight’ rather than ‘long, thin and bent’:

· More floor space is available – less piping covering the floors of industrial sites means more space is available to work in, as well as improving the safety of the work environment.
· More reliable operation – less bends and valves in piping reduces the likelihood of parts failing. Reducing friction in the piping means that less energy is lost to adding physical stress to the piping system, thereby increasing the life of the system. Since less power is required, the motor driving the pump doesn’t need to work as hard.
· Easier maintenance – with short and straight pipes, maintenance workers can get into the system with relative ease, as opposed to negotiating a maze of piping in the conventional solution.
· Better performance – A much greater percentage of energy used in the system is converted into useful work. A system that is more reliable and easy to maintain provides consistently high performance relative to conventional systems.  
Factors to consider for larger systems

Extra considerations for larger pipes
The pipe sizes considered in this worked example can be installed and mounted without restriction. However, a few notes should be made about larger pipes:

· A structure design permit may be required before mounting the pipe to an existing structure. Attaining the permit may incur a cost.

· Large pipes are heavier and thus may require additional mounting support, which may incur a cost.

· Pipes larger than about 0.05m (2 in) diameter may require stress analysis to account for the effects of thermal expansion. Tables that suggest when stress analysis should be performed are available. The tables usually consider pipe diameter and fluid temperature.
· Long straight pipes experience more wall stress than shorter, bent pipes. Systems with long straight pipes can also result in higher forces and resulting moments on inertia on the fixed nozzles of equipment, especially when the endpoints of the system are under pressure (say in a tank as opposed to open air). In these cases, expansion joints and bellowed nozzles can be incorporated to an advantage, with the key consideration being to make bends as smooth as possible.

Site planning

In this worked example, it was assumed that reservoir A, the pump, and the tap were to remain where there were. Sometimes, the location of such features is arbitrary, as in the ‘Pipes and Pumps’ example in Natural Capitalism,
 so their location can be governed by the piping system. Other times, however, other factors can influence where these features as well as the pipes should be located. For example, a pipe and pump system can share many resources with other equipment and systems. These resources include shelter, electrical cable route, drainage systems, and access ways for maintenance. Accounting for these factors is an example of Element 3, ‘Design and optimise the whole system’ and Element 4, ‘Account for all measurable impacts’.

Larger cost reductions

In this worked example, the small amount of required pumping power
 did not lend itself to a good demonstration of pump capital cost savings. Table 6.3 shows that even though required pumping power fell by a factor of more than two between the solution where D = 0.02m and the solution where D = 0.04m, the same pump was used for all solutions and hence the pump capital cost was the same. In a larger system, the required pumping power falls over a larger range for which there is a variety of pumps that can be selected.
Internal combustion engine powered systems

Some moderate sized systems use pumps powered by internal combustion engines (ICE). The size of ICE pumps start at about 1.5 kW output power. They are usually cheaper to purchase but more expensive to run than the equivalent electric pump. Consequently, moderate sized ICE pump systems have even greater potential for cost savings.
To demonstrate, consider a conventional, ICE-powered system that requires 10kW of pumping power. We have shown that Whole System Design can reduce the pumping power of a conventional system by 88%. The 10kW conventional system can therefore be redesigned as a 1.2kW system, which means the 10kW ICE pump costing about $12,700
 can be replaced with a 1.5kW electric pump costing $616.

Now, since the required pumping power is reduced by 88%, the running costs are then reduced by 88%. Furthermore, an additional saving arises since the electrical pump is at least twice as efficient as the ICE pump (20-26%
) while the cost per unit energy is about the same for electricity ($0.10/kWh for large energy users, $0.17 for domestic users) as it is for petrol ($0.14/kWh at $1.30 per litre).
Effectively, the lower power consumption of the Whole System Design solution makes viable solutions that bring with them additional benefits and that are otherwise too expensive.
To calculate the cost per unit energy of petrol, the following values are used:

· energy value of petrol: 34 MJ/litre

· cost of petrol: $1.30/litre (2006 price at the pump)

The cost per unit energy for petrol is:

Cost per unit energy = ($1.30/litre)/(34,000,000 J/litre)

= 3.8235 x 10-8 $/J

Converting to units of $/kWh:

Cost per unit energy = [(3.8235 x 10-8 $/J)/(1 s)](1000 W/kW)(3600 s/hr)
= $0.14/kWh
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Technical Design Portfolio





P = (8.0911 x 10-7/(0.015 m)4)[0.0195 (30/(0.015 m)) + 19] + 97.923 = 1025 W








P = (8.0911 x 10-7/(0.03 m)4)[0.0215 (24/(0.03 m)) + 3.95] + 97.923 = 119 W








8. Model the system





Design Challenge: Consider water at 20 ºC flowing from reservoir A, through the system in Figure 6.1, to a tap with a target exit volumetric flow rate of Q = 0.001 m3/s.  Select suitable pipes based on pipe diameter, D, and a suitable pump based on pump power, P, and calculate the cost of the system.


Design Process: The following sections present:


General Solution: A solution for any single pump, single pipe system with the given constraints


Conventional Design solution: Conventional system with limited application of the Elements of Whole System Design


Whole System Design solution: Improved system using the Elements of Whole System Design


Performance comparison: Comparison of the economic and environmental costs and benefits

















1. Ask the right questions





7. Review the system for potential improvements





3. Design and optimise the whole system





4. Account for all measurable impacts





This Course was developed under a grant from the Australian Government Department of the Environment and Water Resources as part of the 2005/06 Environmental Education Grants Program.  


(The views expressed herein are not necessarily the views of the Commonwealth, and the Commonwealth does not accept the responsibility for any information or advice contained herein.)
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